Oriented attachment of PbSe nanocubes can result in the formation of two-dimensional (2D) superstructures with long-range nanoscale and atomic order 1, 2 . This questions the applicability of classic models in which the superlattice grows by first forming a nucleus, followed by sequential irreversible attachment of nanocrystals 3, 4 , as one misaligned attachment would disrupt the 2D order beyond repair. Here, we demonstrate the formation mechanism of 2D PbSe superstructures with square geometry by using in situ grazing-incidence X-ray scattering (small angle and wide angle), ex situ electron microscopy, and Monte Carlo simulations. We observed nanocrystal adsorption at the liquid/gas interface, followed by the formation of a hexagonal nanocrystal monolayer. The hexagonal geometry transforms gradually through a pseudo-hexagonal phase into a phase with square order, driven by attractive interactions between the {100} planes perpendicular to the liquid substrate, which maximize facetto-facet overlap. The nanocrystals then attach atomically via a necking process, resulting in 2D square superlattices.
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Oriented atomic attachment of colloidal nanocrystals (NCs), that is, the formation of a single crystal by atomic connection of smaller crystals, is an important process in geology [5] [6] [7] [8] , and recently gained much attention as a preparation tool in semiconductor nanoscience 9, 10 . We reported a method to prepare 2D atomically coherent PbSe superlattices, starting from a suspension of PbSe NCs 1, 2 . The NCs have the shape of a truncated cube, consistent with the rock salt crystal structure of PbSe (see Supplementary  Fig. 1 ). A suspension of these NCs is cast onto a surface of an immiscible liquid, ethylene glycol, and the solvent is evaporated at room temperature. During the evaporation, extended sheets are formed with a thickness of one NC monolayer 1 . The 2D structure shows a nanoscale geometry with square periodicity with, to some extent, also atomic coherency. In this so-called square geometry, all NCs are directed with a 100 axis perpendicular to the 2D plane, and are laterally connected via the in-plane {100} facets. This means that two out of six {100} facets, namely those at the top and the bottom of the 2D sheet, are not used for attachment.
Nanocrystal self-assembly and atomic attachment forms a unique route to prepare 2D semiconductors with a superimposed geometry on the nanometre scale that influences the band structure and can result in semiconductors with Dirac-type valence and conduction bands and high charge carrier mobility [10] [11] [12] [13] [14] . Although superlattices with a square geometry are slightly disordered on the atomic scale, they show amazing long-range ordering on the nanoscale. A better understanding of the formation process is required for further progress in the synthesis of these systems. The 2D long-range ordering cannot be explained in terms of the classic nucleation and growth model 3, 4 . In this model, the interactions between a crystal (nucleus) and building blocks are supposed to be relatively weak, in the order of a few k B T . As a result, the building blocks can bind and unbind to an existing crystal, until the optimal binding geometry is found, resulting in ordering over long distances. In the case of superlattice formation by oriented attachment of NCs this mechanism cannot be operative, because per NC-NC connection, chemical bonds are formed between tens of atoms on opposing crystal facets. The corresponding energy change is orders of magnitude larger than the thermal energy, and oriented attachment should therefore be irreversible. Thus 'incorrect' irreversible attachments should lead to disruption of the long-range nanoscale order in the superlattice.
Here, we present a real-time study of the growth of 2D superlattices with a square periodicity. We monitor the reactive self-assembly in real time and in situ by simultaneous grazingincidence small-angle and wide-angle X-ray scattering (GISAXS and GIWAXS; see Supplementary Fig. 1 ). Moreover, we scoop the structures formed at different stages of the process for analysis with ex situ transmission electron microscopy (TEM). Previous work on self-assembly of NCs has focused on monitoring the long-range order on the NC scale using GISAXS 15 , ex situ measurements using GISAXS and GIWAXS [16] [17] [18] [19] and time-resolved GISAXS and GIWAXS on the 3D self-assembly of PbS nanocrystals, showing a face-centred cubic to body-centred cubic phase transition 20 . We find that oriented attachment of the nanocrystals by neck formation is preceded by a remarkable sequence of processes: nanocrystal adsorption at the liquid/air interface with the preservation of the rotational degrees of freedom, formation of a dense hexagonal NC phase, finally followed by a phase transition from hexagonal into square order in the NC monolayer in which the rotations become entirely frozen.
LETTERS
In Fig. 1 we follow the formation of the square superlattice starting from individual NCs, combining ex situ TEM and electron diffraction (ED) with in situ GISAXS and GIWAXS. The TEM and X-ray scattering measurements show the same stage in the NC assembly process. However, TEM data should be interpreted with care as a structure extracted at a given time during the self-assembly process may undergo changes during drying.
In the initial stages of the self-assembly process (16 min after the start of solvent evaporation), it is not clear whether the NCs are still dispersed or already adsorbed at the toluene/air interface (Fig. 1b,c) ; but any long-range positional order (Fig. 1a,b ) or atomic orientation (Fig. 1c) is lacking.
After 27 min, diffraction rods appear in the GISAXS pattern ( Fig. 1e) , at scattering vectors of 0.80 nm −1 , 1.39 nm −1 and 1.61 nm −1 , consistent with a 2D hexagonal structure at the liquid/gas interface (see Supplementary Fig. 3 ). We were not able to isolate this structure ex situ (Fig. 1d) , demonstrating the importance of the in situ scattering measurements. The corresponding GIWAXS pattern in Fig. 1f still shows the PbSe {200} and {220} diffraction rings, with no sign of a preferential crystallographic orientation or attachment of the NCs. We conclude that at this stage the NCs behave as hard spheres. Indeed, hard sphere interactions between NCs confined on a 2D interface leads to entropically driven packing into a hexagonal structure 21, 22 . Our difficulty in isolating this phase ex situ indicates that short-range repulsive contributions from the solvent may be important to the hard spherelike interaction potential.
At longer times, a complete monolayer of NCs is adsorbed at the interface. The NCs form a 2D pseudo-hexagonal close-packed layer (Fig. 1g) , with bond angles deviating from the 60
• of a perfect hexagonal structure. In the corresponding ED pattern the {111} and {222} rings are missing, meaning that all NCs have a {100}
facet pointing upwards (see Supplementary Fig. 4) . Moreover, the ED pattern shows diffraction arcs rather than full rings, indicating that the NCs have a preferred crystallographic orientation in the 2D plane. The width of the arcs reflects the remaining inplane rotational freedom of the NCs. In the GISAXS pattern obtained 30 min after the start of the experiment (Fig. 1i ) the first diffraction rod has moved further from the origin, indicating that the average NC-NC distance has decreased compared with Fig. 1e . The diffraction peaks are broader than before, consistent with a peak splitting due to deviations of the superlattice symmetry from perfectly hexagonal (see Supplementary Methods 3 ). An alternative explanation for the broadening of the GISAXS reflections could be the increase of superlattice disorder due to evaporation of residual solvent 23, 24 . However, we point out that we scooped a sample of this exact sample and confirmed the formation of the square superlattice (see Supplementary Fig. 5 ), supporting the former interpretation of the scattering data. In the corresponding GIWAXS pattern (Fig. 1j) we observe the first indications of spots of increased intensity on the atomic diffraction rings, indicative for NC orientation with a 100 axis perpendicular to the liquid/gas interface. In Fig. 1h many NC-NC atomic connections have formed, but not yet all NCs make the maximum number of four NC-NC bonds with their in-plane {100} facets. The diffraction arcs in the ED pattern have further narrowed, since the rotational freedom has decreased with respect to the pseudo-hexagonal phase of Fig. 1g .
Finally, the NCs attain a square ordered structure (Fig. 1k,l ) with the 100 direction pointing upward and orientational order right image shows side views. a, As the solvent evaporates, the concentration of the NCs increases, and the particles adsorb at the liquid/gas interface. b, The central NC is indicated with a blue dot. The increase in NC concentration forces the particles to form a hexagonally packed monolayer. c, The ligands on the {100} facets stabilizing the particles in the toluene slowly dissolve in the ethylene glycol substrate, thus increasing the {100} facet-to-facet attractive interaction and decreasing the NC-NC distance. Due to the directionality of the in-plane {100} attractions, the superlattice transforms into a pseudo-hexagonal structure. d, Once the particles are su ciently close, they connect atomically via necks; the superlattice obtains a square geometry.
in the 2D plane (inset Fig. 1k) . Furthermore, the NCs attach, as evidenced not only in the TEM image (Fig. 1k) , but also from the narrowing of the {200} diffraction spot in the horizontal direction in the GIWAXS pattern (Fig. 1m) . This is confirmed by later TEM measurements on the structure formed during the in situ measurement (Supplementary Fig. 5) .
We now investigate in more detail the structural changes observed in the in situ experiments. We calculate the time evolution of the nanoscale lattice spacing from the position of the first diffraction rod in GISAXS (see Fig. 2a ). The fitted peak position in reciprocal space (left axis) increases from 0.74 nm −1 to 0.83 nm −1 . Realizing that the initial structure has hexagonal symmetry while the final structure is square, this corresponds to a contraction of the NC-NC distance by 17%, from 9.1 nm after 1,200 s after injection, to 7.6 nm at 2,700 s ( Supplementary Fig. 3 ).
The initial NC-NC distance of 9.1 nm is as expected in a hexagonal monolayer of NCs of 5.7 ± 0.6 nm core diameter separated by oleic acid ligands (roughly 2 nm in length). In the final oriented attached square structure, however, the NC-NC distance of 7.6 nm is 34% larger than the original PbSe NC core diameter. This shows that necking takes place during the atomic attachment, that is, the formation of a crystal bridge between opposed {100} facets 2, 5, 25 . The increase of the average atomic coherence length during the formation can be extracted from the width of the horizontal atomic {200} reflections in GIWAXS (see Fig. 2b ). The full-width at halfmaximum of the {200} peak of individual NCs in dispersion equals 1.1 nm −1 , corresponding to an average crystalline domain size of 5.9 nm, consistent with the NC sizes measured with TEM. During the in situ experiments, the full-width at half-maximum decreased to a value of 0.7 nm −1 after 31 min and 0.5 nm −1 after 40 min. These values correspond to crystalline domain sizes of 9.1 nm and 13.2 nm in the horizontal 100 direction. We conclude that when NCs attach atomically, the size of single-crystalline domains grows to on average a lower limit of two to three NC diameters (see also Supplementary  Fig. 7 ), which agrees with the TEM sample obtained from the same experiment ( Supplementary Fig. 5 ).
To study the degree of atomic coherency inside the superlattice, we performed aberration-corrected high-angle annular darkfield (HAADF) scanning transmission electron microscopy (STEM) measurements to investigate the atomic lattice. First, Fig. 3a shows an overview of part of a square sheet, showing that the square nanogeometry is present over many unit cells. In the atomically resolved image of Fig. 3b , we observe atomic connections between the nanocrystals that are fully coherent, and some defective connections as well. These defective connections and the natural dispersion in the nanocrystal size must affect the perfectness of the square geometry, that is, lead to some variation in the translation vectors. In the Supplementary Information (Supplementary Fig. 22 ) we show that the overall square periodicity (although with its intrinsic variation) is essentially preserved when it is considered over different length scales. From the HAADF-STEM image we extract the number of atoms in each projected atomic column using atom counting (Fig. 3c ) 26, 27 . These numbers can then be used as an input for an iterative energy minimization scheme to obtain a 3D model for the investigated superlattice as illustrated in Fig. 3d 28,29 . More experimental details are provided in the Methods and an additional example of two connected nanocrystals is presented in Supplementary Fig. 23 .
Combining all information from the in situ and ex situ experiments, we postulate a model for the reactive self-assembly of PbSe nanocubes into the square oriented attached superlattice. Figure 4 shows cartoons of the different phases occurring in the reactive self-assembly. For clarity we omitted the oleic acid ligands from the image. During the toluene evaporation the NCs adsorb at the liquid/gas interface without long-range order (Fig. 4a) . As the NC concentration at the interface increases, they start to form a hexagonally packed monolayer at the interface (Fig. 4b) . The NCs still behave similarly to hard spheres, as any anisotropic interaction is screened by the oleate ligands. Possibly, oleate ligands weakly attached to the {100} facets 30 detach and are absorbed in the ethylene glycol phase. The particles align one of their 100 directions perpendicular to the liquid/gas surface. The rotational freedom in plane is gradually reduced, in favour of electrostatic and van der Waals interactions between opposed {100} facets. This also results in a reduced NC-NC distance (Fig. 4c) . Due to the directionality of these in-plane {100} attractions, the superlattice has to change its symmetry from hexagonal to square. A similar transition between hexagonal and square symmetry has been predicted from Monte Carlo simulations for a monolayer of hard truncated nanocubes confined at an interface 31 . Once the NCs are in close proximity, crystalline bridges grow between neighbouring NCs (Fig. 4d) . This necking has also been observed in a chemically distinct case of NC attachment 8, 32, 33 . To test the postulated model, we investigated the formation of superlattices from PbSe NCs adsorbed at the liquid/gas interface using Monte Carlo simulations with periodic boundary conditions in the canonical ensemble; that is, we fixed the number of particles N , the volume V , and the temperature T of the system. We model the NCs by truncated cubes as depicted in Supplementary Fig. 9 . The cubes are confined to a 2D plane and are oriented such that the {100} facet points upwards. The nanocrystals are allowed to move freely in this plane. In the Supplementary Information we calculate the interaction potential between two nanocrystals, which is the sum of the electrostatic and London interactions between all the atoms of the nanocrystals (see Supplementary Methods 7) .
The ligand-free {100} facets lead to an attractive driving force that attempts to position the nanocrystals with their vertical {100} facets face to face (see Supplementary Fig. 24 ). This directional driving force is mimicked in the simulations by introducing small patches on the centre of the vertical {100} facets. We assume the cantellated cubes to interact as hard particles, but with the attractive patchy interaction between the {100} facets. The patchy interaction is modelled as a square patch that interacts with an attractive squarewell potential 34, 35 . The patch size is defined by the ratio of the length of the patch P x and the length of the {100} facet F x , that is, P x /F x , and the attraction strength is given by ε/k B T with k B being Boltzmann's constant. We simulate the self-assembled structures of the NCs as a function of the size of the attractive patch and the attraction strength to shed light on the contraction and symmetry change of the hexagonally packed layer towards the square superlattice, as shown in Figs 1g-k and 4 . In Fig. 5a ,b, we show two typical configurations of the selfassembled structures for the cantellated cubes with different patch size. We clearly find that the self-assembled structure depends sensitively on the patch size, which determines the directionality of the attractive interaction. For a stronger directionality, that is, smaller patch size, we observe a square symmetry for the superlattice (see Fig. 5a ) whereas for a less directional interaction, that is, a larger patch size, the superlattice shows hexagonal symmetry (see Fig. 5b ). In Fig. 5c we present the state diagram of the nanocrystals as a function of the patch size P x /F x , and attraction strength ε/k B T . We observe that the particles self-assemble into a superlattice for attraction strengths >4k B T , even with very small attractive patch sizes (see also Supplementary Methods 7). The results corroborate our interpretation of the experimental data that the directional electrostatic and van der Waals interactions between the vertical {100} facets drive the phase transition from hexagonal-to-square NC ordering and keep the {100} facets face-to-face, finally enabling an atomic necking process and growth of attached nanocrystals that form single-crystalline domains.
The fact that it is possible to monitor in situ the adsorption of colloidal particles at a liquid surface and to reveal the ensuing structural transformations of the particle monolayer will further our understanding of the mechanisms of interfacial self-assembly processes and the differences with self-assembly in three dimensions. This may result in bottom-up routes towards a diversity of 2D electronic or photonic materials based on nanocrystals or (anisotropic) polymer-type colloids. We remark that improvements in the atomic coherency are desired for high-quality 2D optoelectronic materials. In such a way, colloid self-assembly can become a feasible alternative for top-down lithography-based methods.
Methods
Methods and any associated references are available in the online version of the paper. In situ GISAXS/WAXS. The in situ X-ray scattering experiments under grazing incidence were performed at beamline ID10 of the European Synchrotron Radiation Facility (ESRF), Grenoble. The energy of the incident X-ray beam was set at 10.0 keV, below the Pb and Se absorption edges to minimize beam damage. We optimized the grazing angle to 0.3 • for the best signal-to-noise ratio on both GIWAXS and GIWAXS detectors. Before drop casting the dispersion of NCs on top of the ethylene glycol substrate, the X-ray beam was aligned to the surface. After drop casting and every three minutes the alignment was repeated in<10 s to adjust for solvent evaporation. The oriented attachment was performed in a home-built liquid cell, which can be flushed with argon repeatedly to lower the oxygen and water levels ( Supplementary Fig. 10 ). A Teflon Petri dish (Ø 64 mm) was filled with 28 ml of ethylene glycol. To the ethylene glycol we added 10 µl of an OA solution (1% (v/v) OA in ethylene glycol). The cell was then flushed five times with vacuum/argon cycles, and was filled with toluene-saturated vapour (argon gas blown through hot toluene). Next, the PbSe NC solution (0.5 ml; 1.9 × 10 −6 mol l −1 ) was deposited on top of the liquid substrate. As the PbSe NCs proved to be sensitive to beam damage, we scanned the sample position in between the measurement, back and forth over a distance of 4 mm (in 21 steps) in the direction perpendicular to the incident X-ray beam. In this way, the dose of X-ray photons on each position of the sample was minimized. Each frame was recorded with a 10 s integration time, after which the position of the sample was changed. After each sequence of 21 positions, we returned to the starting position and repeated the procedure.
HAADF-STEM imaging and atom counting. HAADF-STEM imaging is performed using an aberration-corrected FEI Titan microscope operated at 300 kV. By modelling images as a superposition of Gaussian functions located at the atomic columns, the volume under each peak can be estimated by fitting this model to the region of interest. These volumes are integrated intensities of electrons and thus correspond to scattering cross-sections. In a subsequent analysis, the distribution of scattering cross-sections of all atomic columns is decomposed into overlapping normal distributions, where the number of normal components is selected using an integrated classification likelihood approach 25, 26 . Based on the analysis of the image shown in Fig. 3 , 10 components have been retrieved illustrating the presence of 1 up to a maximum of 10 atoms in a column. The number of atoms in each projected atomic column is then obtained by assigning the component that generates the experimental scattering cross-section with the highest probability. In this manner, a map reflecting the number of atoms in each column is retrieved as illustrated in Fig. 3b . Based on the counting results, a starting 3D configuration is obtained by positioning all Pb atoms on a perfect crystal grid symmetrically arranged around a central plane. Next, the potential energy of this configuration is calculated using a Lennard-Jones potential and minimized using an iterative scheme. In each iteration step, one atomic column, selected by a Monte Carlo-based approach, is shifted over one unit cell and the total energy is again calculated. The previous 3D configuration is replaced by the new one if the total energy is decreased. This procedure is repeated until convergence is reached.
